In this paper, a new methodology has been proposed for attaining the maximum instantaneous wind penetration by the optimization of grid control parameters. Particle Swarm Optimization (PSO) based algorithm has been developed to obtain the maximum instantaneous penetration. The developed algorithm has been tested on modified IEEE 14-bus test system. The results have shown the maximum instantaneous wind energy penetration limit in percentage and also maximum bus loading point explicitly beyond which system drives into instability.
Introduction
Modern power generating systems are fully integrated with various renewable energy resources for capacity saving, cost reduction, loss reduction, and for decarbonization of the power sector. Among the various renewable energy sources, wind power generation is having lot of advantages and is the most promising source for the future as per by Global Wind Energy Association report (2008) . Takur et al. (2009) mentioned that the increased penetration of wind power introduces unwanted conditions such as: loss of synchronism, voltage collapse, load shedding, large deviations in voltage and/or frequency, introducing flicker and harmonics, high transmission and distribution losses, over loading and increased power oscillation. The problem is, therefore, how to increase the wind penetration into the grid, and what could be the maximum wind penetration possible at any time.
For the above problem, a number of methodologies and techniques are available depending on the wind availability, grid limitation etc and varies from country to country and region to region as presented in by Hofmann et al. (2007) and Estanqueiro et al. (2008) . In general, some of the methods for maximizing the wind penetration are to use suitable type of wind turbines in the wind farms, which are connected at suitable buses and to use suitable grid control mechanisms to enable maximum penetration as mentioned by Estanqueiro et al. (2007) .
Wind Turbine Generators (WTGs) can be classified into two categories -Constant Speed Wind Turbine Generators (CSWTGs) and Variable Speed Wind Turbine Generators (VSWTGs). One of the popular types of VSWTG is Doubly Fed Induction Generator (DFIG), which can be smoothly connected to the grid and can provide reactive power compensation besides excellent speed control. Moreover, studies done by Takur et al. (2009) have proved that DFIG based wind turbine does not provide any oscillatory instability problems. The wind farm should be attached to the most suitable bus for maximizing the wind penetration by taking into account the wind availability, closeness to load centre, strength of the grid etc. The strategic grid control mechanisms are suitable optimization algorithm driven control measures to accept various levels of wind penetration.
Wind energy "penetration" refers to the fraction of energy produced by wind compared with the total available generation capacity. The concepts and reviews of instantaneous wind penetration was given in by Weisser et al. (2005) , where the ratio of total wind power output to the total load at any instant of time and has been termed as instantaneous penetration..
Earlier, the works done in the area of maximum wind penetration were based on stochastic analysis, which depended on the annualized energy yield calculated through the capacity credit and capacity factor as mentioned by Milligan et al. (2005) and Voorspools et al. (2006) . A new computational algorithm for the calculation of maximum wind energy penetration in autonomous island of Greece was proposed by Kaldellis et al. (2009) and , where the entire algorithm was based on a factor termed as the instantaneous upper wind energy penetration limit (λ), fixed by the network manager of Greek Public Power Corporation. The algorithm for λ was not available. In addition, it was also stated that there were lot of wind energy rejection taking place due to under limiting of λ for maximum grid stability. Moreover, the algorithm was based on stochastic analysis cumulated for yearly average. Another method of maximum wind penetration was explained by Papathanassiou et al. (2006) , where the maximum wind turbine output was limited by a constant C D , dynamic penetration limit factor ; a grid constant and the value was assumed between 15 and 45% but stated normally 30%. Selection of C D algorithm was not available in the literature. also proposed a methodology for optimizing the wind in power system, where the optimization was through a local energy storage power electronics buffer via UPS in WTG side and not by optimizing the grid parameters and none of the articles, explained the methodology for instantaneous wind penetration and were treated as constant irrespective of the grid conditions.
Stochastic analysis based on annualized energy yield required the instantaneous wind energy absorption/rejection strategy of the concerned Electricity Authority for accurate analysis. Most of the prevailing approaches as per the literatures assumed a constant value for wind acceptance/rejection factor set by concerned Electricity Authority. In the deregulated electricity market, authorities always underestimate the factor for maximum grid stability and the calculation remains as the trade secret of the electricity authority. Lots of wind energy rejections were taking place because of that; moreover, the factor is quite time varying in nature depending on the dynamic nature of the grid and can no longer be treated as constant and hence, maximum penetration calculations based on annualized energy yield assuming, a constant value of, λ has got inherent limitations of inaccuracy.
Many researchers have made immense contribution as explained above for enhancing the wind share to the grid. However, no significant research focused on the development of a good transparent methodology for increasing the instantaneous wind share in the grid by optimizing the grid control parameters, especially, based on advanced techniques such as Particle Swarm Optimization (PSO).
For increasing the penetration in maximum wind penetration study, the load has to be varied in a fuzzy fashion to reach the maximum penetration strategy, without violation of system parameters as mentioned by Kazantzakis (1985) . Among the various meta heuristic optimization methods, particle swarm optimization method seems to be simple in approach, fast in convergence and robust in action and found to be healthy and promising for maximum wind penetration problems as mentioned by Harley (2008) and hence has been incorporated in this paper .
DFIG based wind turbine has been used for the formation of wind farms. The best location for connecting the wind farm was judged by the calculation of Wind Farm Placement Index (WFPI) by taking into account the parameters such as voltage limits and voltage stability, wind speed, interconnecting cable length and bus load absorption capability.
In this paper, a novel concept of maximum safe instantaneous wind energy penetration limit ( ) ψ have been introduced and the methodology has been proposed by suitable placement of wind farms, considering voltage stability index. The paper has been organized as follows. In section 2, proposed methodology has been explained with the help of the block diagram. The maximum instantaneous wind penetration problem formulation has been explained in section 3. Section 4 presented some interesting numerical results along with some discussions based on the test systems used. Finally, conclusions and major contributions of the paper have been summarized in section 5.
Proposed Methodology and Problem Formulation
The proposed methodology consisted of placing the DFIG based wind farm at suitable location and utilizing a suitable algorithm to enable maximum grid penetration as given in Figure 1 . The development of algorithm required detailed problem formulation with dynamic modeling of wind farm and power system and the model details are given in appendix ( Wind has been modeled as a Weibull distribution by taking into account its composite nature by including average, ramp, gust and turbulence components. The turbine generator used is DFIG whose stator is directly connected and the rotor was connected through slip rings and assuming lossless power electronic converter and the model details are given in appendix (Table 5) .
Problem Formulation for Maximum Instantaneous Wind Penetration
The quality of the interconnected operation of DFIG to the grid has been assessed in terms of operational constraints and the normal operation presupposed that a number of constraint parameters are maintained within predetermined limits of which the most significant ones were voltage and frequency. Only fundamental frequency based analysis has been considered and the analysis assumed suitable buffer energy storage to handle the unpredicted power level fluctuations in additional to the adequate spinning reserve. Among the various factors for increasing wind penetration, those considered were, voltage setting of PV buses, synchronous compensators, and the load sharing between the system generators and the wind generator.
Objective function and constraints:
The objective of the penetration problem is to maximize the wind share into the grid. Accordingly, the objective function has been formulated for any time period (t) as Maximize
Power balance constraints:
Equality constraints are mainly nodal power equations, which have to be satisfied in each time interval
Generator and system operating constraints:
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Wind power constraints:
The wind power used for dispatch should not exceed the available wind power from the wind park:
Optimization algorithm:
Fitness function for the above problem have been formulated as
As mentioned before, the algorithm consisted of two stages; identify the bus to which the wind farm is to be placed by using WFPI calculation and second, formulation of maximum penetration model by using the particle swarm optimization.
Wind farm placement:
The bus at which the wind farm to be placed was identified by the calculation of wind farm placement index based on assessing the impacts and benefits as mentioned by Teng et al. (2005) . The wind farm placement index has been calculated from the equation given as follow. ( 7 i , = Number of buses in the small mesh of load buses getting connected to the single node of the major grid. The constants are suitably chosen depending on the grid by giving suitable weight.
Voltage sensitivity index:
Voltage sensitivity index based on the tangent vector at the collapse point was explained by Benabid et al. (2007) . It is given by the expression
The highest sensitivity index results in the weakest bus and vice versa. The tangent vector of the node voltage determines the relative weakness of the bus with respect to the reactive power.
Particle swarm optimization:
The particle swarm optimization (PSO) is a population based optimization method inspired by the social behavior of bird flocking or fish schooling. The PSO as an optimization tool provides a population based search procedure in which individuals called particles change their position (state) with time. In a PSO system, particles fly around in multi dimensional search space. During flight, each particle adjusts its position according to its own experience (The value is called P best ) and according to the experience of neighboring particle (This value is called G best ), makes use of the best position encountered by itself and its neighbour. The modification can be represented by the concept of velocity. Velocity of each agent can be modified by the following equation. The velocity (position change) of the i th particle is denoted as
In the updating, a new velocity for each particle based on its previous velocity k i V is determined. The particle's location at which the best fitness ( k besti P ) and the best particle among the neighbours ( 
where, max k is number of maximum iteration.
In this paper, neutral network trained inertia weight approach based particle swarm optimization algorithm has been employed to focus to global optima under dynamic variations of load.
Proposed methodology:
Step 1: Input line data, bus data, wind data, voltage limits, line limits and PSO settings.
Step 2: Identify the best location for wind farm placement by the calculation of wind farm placement index and connect the wind farm to that particular bus.
Step 3: Calculate the base case power flow with the wind farm connected at the identified bus.
Step 4: Randomly generate an initial population (array) of particles with random positions and velocities on dimensions in the solution space. Set the iteration counter k = 0
Step 5: For each particle, calculate and compare its objective function value with the individual best. If the objective value is higher than P best , set this value as the current P best and record the corresponding particle position.
Step 6: Choose the particle associated with the minimum individual best P best of all particles, and set the value of P best as the current overall G best . Step 7: Update the velocity and position of particle using the velocity and position update equations.
Step 8: If the iteration number reaches the maximum limit, go to step 9. Else set iteration index k = k+1 and go back to step 5.
Step 9: Print out the optimal solution to the target problem. The best position includes the maximum load in each load bus , the initial MVA , power angle settings of slack generators and the initial voltage settings of all the PV buses .The fitness value gives the maximum instantaneous wind penetration limit (ψ) .
Results and Discussions
The proposed methodology has been tested on IEEE 14-bus modified test system as shown in Figure 3 . The wind farms have been connected to wind bus and the loads have been scaled down to 50% from 100% initially to form the base case. Bus-2 is PV bus and 3, 6 and 8 are synchronous compensator buses. Loads were modeled as constant power loads (PQ load) and were solved by using Newton Raphson power flow routine. The load sharing between the wind generators and the system generators is through the initial power angle setting. The program was coded in PSAT/MATLAB integrated environment as suggested by Milano F (2005) and was run for 75 iterations. As discussed, the algorithm was implemented in two stages. 
Wind farm placement
The Wind Farm Placement Index (WFPI) calculation identified bus-3 as the most suitable bus and accordingly wind farm of 600 MVA / 69kV capacity comprising of 300 wind turbines has been connected to this bus by creating another bus (bus no: 1) through a transformer of tap ratio unity. Table 1 showed the wind farm placement calculation and the associated penetration. Wind bus is the bus to which the wind farm is attached. Different buses have different power absorption capability and accordingly maximum penetration varies. Bus-3 has been found as the best bus for maximum penetration, followed by bus-2 and bus-6.
It is also interesting to note that maximum penetration can be attained by connecting the wind farm at bus-3 as obtained from For maximizing the penetration, different control strategies have been formulated for comparison as given in Table 3 and the best can be chosen and adapted depending on the flexibility of the grid in terms of AVR ratings, response characteristics, losses, load level etc. In the IEEE 14-bus test system, bus-2 is PV and 6, 3 & 8 are synchronous compensator buses. The PSO variables are voltage and angle of slack bus, voltages of PV buses and the voltages of the synchronous compensator buses. The maximum penetration depends on the optimal setting of these variables. OLTC transformer tap setting was not taken into account in this work.
Conclusion
In this paper, a new concept of wind farm placement index has been proposed to identify the best suitable location for the placement of wind farm by taking into account the voltage sensitivity index. Also, a new concept of maximum instantaneous wind energy penetration limit (ψ) has been introduced and methodology has been proposed. A particle swarm optimization based algorithm has been used to obtain the maximum instantaneous wind penetration. The developed algorithm also gives explicitly the maximum permissible loadings at each bus. The result seemed to be quite promising, when tested on IEEE 14-bus system. 
wi ,wf
Index of wind turbine , wind farm ψ Maximum Instantaneous wind energy penetration limit.
Appendix
Wind was modeled as Weibull distribution as proposed by Milano F (2005) by taking into account the composite nature of wind which included average, ramp, gust, turbulence and low pass filters were used to smooth the wind speed variations.. Assuming lossless converter and the active power of the converter coincides with the rotor active power; the active and reactive power injected to the grid by the DFIG turbine was expressed as a function of stator and rotor currents as proposed by Milano F (2005) . 
